Abstract-The depletion layer capacitance of a Schottky barrier on a GaAs FET fiim can only be measured in series with the resistance of the undepleted portion of the film. This inherent series resistance may be significant at all values of bias and causes large errors in C-V profile determinations. By treating the depletion layer capacitance and the series resistance as a distributed R C transmission line, it is possible to define an effective series resistance which can be related directly to the resistivity of the film. Using parameters typical of epitaxial films grown for GaAs FET applications, general criteria are developed for the profilability of these films. It is shown that, in general, films with small pinchoff voltages (i.e., films intended for low-noise FET applications)
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Abstract-The depletion layer capacitance of a Schottky barrier on a GaAs FET fiim can only be measured in series with the resistance of the undepleted portion of the film. This inherent series resistance may be significant at all values of bias and causes large errors in C-V profile determinations. By treating the depletion layer capacitance and the series resistance as a distributed R C transmission line, it is possible to define an effective series resistance which can be related directly to the resistivity of the film. Using parameters typical of epitaxial films grown for GaAs FET applications, general criteria are developed for the profilability of these films. It is shown that, in general, films with small pinchoff voltages (i.e., films intended for low-noise FET applications) are much more difficult to profile accurately than films with large pinchoff voltages.
C
I. INTRODUCTION APACITANCE-VOLTAGE (C-V) profiling [I]
- [4] is probably the single most important method used to characterize GaAs films grown on semi-insulating substrates for MESFET [ 5 ] applications. The reasons for the wide acceptance of this measurement technique are clear: 1) many common metals form excellent Schottky barriers on GaAs without elaborate surface preparation, passivation, or guarding; 2) one relatively simple measurement provides the material parameters of greatest interest to the crystal grower and de- Wiley and Miller emphasized that when profiling GaAir FET films one must not automatically assume that the mea. sured capacitance is simply the depletion-layer capacitance, As can be seen from Fig. 1 , the depletion-layer capacitance it; not directly accessible, and can be measured only in series with the lateral resistance of the undepleted portion of the epitaxial film. Under these circumstances, the measured capacitance C' is given approximately by (3) where C is the true depletion-layer capacitance, R is the serie!; resistance, and w is the measurement frequency. As pinchof' is approached, R becomes very large, and the direct use 0:' C' in (1) and (2) will obviously result in profiling errors. Several examples of profiles distorted by series-resistanar effects were given in [I 11 . As discussed in [I 11 , (3) is bas& on a simple lumped-element equivalent circuit in which the! entire depletion-layer capacitance is placed in series with 21 single equivalent resistance R. For typical film thicknew (< 1 pm) and diode diameters (> 100 pm) this is clearly 21 crude approximation, and the diode should be modeled by a distributed RC network. It is the purpose of this paper t o report some of the consequences of the distributed network analysis as they relate specifically to the C-Y profiling 0.' GaAs FET films. It will be shown that the distributed analysi!; yields a dimensionless parameter oReC, where Re is an effec.
tive series resistance which can be related to the resistivity 0:' the film. The magnitude of oReC varies with dc bias, diverg, ing as pinchoff is approached. As long as wR,C remains smal, over a significant range of dc bias values, however, accuraccj profiling is possible. This condition is shown to be most easil~, achieved for films with large pinchoff voltages. In the low. 11. ANALYSIS Consider a circular Schottky-barrier contact of radius "a" on a GaAs FET film (uniform doping level N d ; film thickness s; semi-insulating substrate) as shown in Fig. l(a) . In order to preserve the symmetry of the circular contact and minimize series resistance to the greatest extent possible, it will be assumed that ohmic contact to the epitaxial film is made via a closely spaced annular contact of low contact resistance. In the depletion approximation, the total depletion-layer capacitance is then given by
Although edge effects [lo] are indicated schematically in Fig. 1 by extending the depletion layer beyond the edge of the Schottky contact, it must be remembered that Fig. 1 is drawn grossly out-of-scale, with the film thickness exaggerated by at least two orders of magnitude. Assuming, for now, that edge effects are negligible, we take A = 711~'. The thin layer of conductive film sandwiched between the depletion layer and the substrate is of thickness 6 and resistivity p . It, therefore, has a uniform sheet resistance Any given value of dc bias between the Schottky and ohmic contacts will specify unique values for C and R,. Clearly, as the reverse bias is increased in magnitude, C will decrease and R, will increase. Because of the distributed nature of the structure, however, neither Cnor R, is independently measureable, and we must determine the terminal impedance of the equivalent circuit shown in Fig. l Defining the dimensionless coordinate
which is the equation that must be solved for V(x). Once V(x) is known, I(x) may be calculated using (7), and the complex impedance of the network obtained. Equation (10) is one form of Bessel's equation, this particular form having solutions which are known as Kelvin functions [18] . Taking the voltage to be finite for all r < a, and equal to the applied voltage at the terminals, one obtains 
The parameter Re is an effective sheet resistance the significance of which will be discussed below. In terms of these same parameters, the complex impedance and phase angle are given by where x , is the value of x at r = a x , = dza and the functions ber ( x ) and bei ( x ) are tabulated Kelvin functions [18] . Substituting (1 1) into (7) gives and qi =tan-' (A2/Al).
(20)
Equations (19) and (20) are shown in Fig. 2 as functions of wReC. The distributed RC network is seen to behave exactly as expected: For wReC << 1, the capacitance is dominant so that Im (Z) >> Re (Z), and q5 + 900. For 0.3 < wR,C < 3 distributed effects are dominant and the behavior of Z and $I is complicated. For wReC > 3 the network approaches the perimeter-dominated regime which has been treated by Lehovec [17] for arbitrary geometries. In this regime the real and imaginary parts of the impedance make equal contributions and qi -+ 45'.
Using series approximations given in [18] , the following limits can be obtained:
where primes indicate differentiation with respect to x. The complex admittance at the terminals is then given by or where in the analysis given in [l 11 , (Here, the word "intrinsic" is used to denote the distributed resistance beneath the depletion layer, as distinct from any "extrinsic" series resistance such as the contact and spreading resistances of the ohmic contact. Such extrinsic resistance can be made negligibly small, whereas the intrinsic resistance is a significant and unavoidable ccmsequence of the structure.) The real and imaginary parts of (21) and (22) are shown in Fig. 2 quickly leads (for any n > 2) to lumped-element approximations which are more cumbersome than the distributed solution. At the present time it does not appear that any exact (or even approximate) inverse transform will be found whicn could allow one to generalize the simple C-V profiling equ;,-tions and deduce N d ( d ) from Z(V0) to any greater accuracy than that discussed [ 1 1 J . This problem is, however, still under investigation.
APPLICATION TO GaAs FET FILMS
For purposes of this section, the ideal FET film will be take:% to be one with uniform doping from the surface to the sutstrate.' The doping levels of interest are well within the range which diverges as V + 0 and as V + Vp, and has a minimum value of f ( V ) = 4 at V = Vp/4. Since the depletion depth is proportional to JV, this implies that wReC will assume its minimum value when the film is half depleted. The apparent divergence of f(u) as V + 0 is of no practical concern since V = Vbj is the minimum useful value of V in C-V profiling ( V = Vbi when the externally applied bias is 0). The divergence for V + Vp, on the other hand, means that oR,C will always become large as pinchoff is approached. This, in turn, implies that FET films can never be profiled to full pinchoff. In practice, the conventional profiling equations become unac- 
From this equation it is seen that the doping level is important
only to the extent that it affects p . In the range 5 X 1015 < Nd < 5 X lo" ~m -~, p for n-GaAs at 300 K may be represented by the simple power-law expression3
Nd(cm-3) * p(i2 cm) = --When (32) is inserted into (31), the resultingNds2 product in the denominator may be re-expressed in terms of Vp using (23). Using E = 12.8 eo for GaAs, and converting to consistent MKS units for all quantities then gives
It is important to note that, because of (32), Nd and s have entered only in the form Nds2 (i.e., in a form a: Vp). The practical consequence of this is that low-Vp films will always be more difficult to profile accurately than high-Vp films. This is true, regardless of how the specific value of Vp was obtained (small Nd and large s or large Nd and small s).
In order to illustrate practical values of oR,C, Fig. 3 has been prepared using (29) and (33) for a measurement frequency of 1 MHz and a diode area of 2.027 X lo-' m2 (corresponding to a circular diode of 20-mil diameter). Using the criterion that oR,C must be 5 0.2 for accurate profiling, it is seen that a film with Vp = 10 V could be profiled from zero bias to about 50-60 percent of pinchoff before seriesresistance errors become unacceptable.
Films with smaller Vp are totally unprofilable unless the measurement frequency and/or diode area are reduced.
The curves shown in Fig. 3 can be scaled t o apply to other diode areas or measurement frequencies by shifting them rigidly upward or downward in proportion to o A . Thus for a 10-mil diameter diode, the curves are shifted downward by 
IV. DISCUSSION
Commercial capacitance meters and profiling instruments4 measure only the imaginary component of the R F current and assume it to be proportional to jwC.
3J. D. Wiley (unpublished compilation). Equation (31) takes into account the fact
that lightly doped fims tend to be more strongly compensated than heavily doped fims.
4Manually balanced impedance bridges are excluded from consideration since they are too slow and cumbersome to use in routine C-V profiling. In Fig. 2 , the reactance of the true depletion-layer capacitance is shown by the upper-left dashed line (slope = -1). From this, it is seen that series-resistance effects will cause one to underestimate the magnitude of the depletion-layer capacitance and, hence, overestimate the depletion depth. Profile distortions will thus always include a shift toward larger depletion depths at any given value of dc bias. Further distortions will be caused by erroneous Nd calculations and, as discussed in [l 11 , these distortions result in complex profile shapes. Fig. 4 shows a typical distorted profile which shall be taken as the prototype for mildly distorted profiles. A profile such as this would be observed in cpes where oR,C 0.3 near zero bias. As the reverse bias is increased, C decreases more rapidly than R , increases, and oR,C drops below 0.2 over some range of bias values. In this region, reasonably accurate results are obtained. As pinchoff is approached, Re increases rapidly and oR,C again exceeds 0.3, causing serious distortions. Four important features of the profile in Fig. 4 have been labeled A-D and will now be discussed in more detail.
A) The abrupt upturn in the profile near zero bias (which must not be confused with a similar artifact observed for all profiles in forward bias) is a characteristic feature which may be taken as conclusive evidence that series-resistance distortions are present, and that the entire profile is suspect. The absence of this feature, usually indicates that the early (lowbias) part of the profile is undistorted by series resistance. B) Depending on the actual range of oR,C values for a given diode, the central portion of the profile may be reason- ON ELECTRON DEVICES, VOL. ED-25 ably accurate. Fig. 4 shows a small positive error in Ar<(* Although depletion-depth errors are also present, they are not apparent when the profile is flat (uniform). C) Under the conditions of mild distortion assumed herc:, the "knee" region of the profile appears at a slightly smaller depletion depth and is more "rounded" than the true profile. Furthermore, the knee of the distorted profile occurs at a value of dc bias which is significantly lower than the true pinchoff voltage of the film. This point is emphasized because many workers use the value of bias at the knee as the pinchol'f voltage. When transistors are fabricated on films which habe been characterized in this manner, the transistors (having very narrow gates and, therefore, no series resistance artifacts) will appear to have anomalously large pinchoff voltages. D) As pinchoff is approached, the errors in both Nd and (9 become extremely large, leading to a tail that appears to extend well into the substrate. This tail was discussed more fully in [ 1 11 . Lehovec [12] and Lehovec and Zuleeg [ 191 have given extremely interesting discussions of the cons+ quences of a film-substrate depletion layer for C-V profile results. They show that when the two depletion layers begin to merge, a tail similar to that shown in Fig. 4 results and tha;, in fact, the tail may even turn upward for larger values clf reverse bias. If, as a first approximation, one assumes that any depletion layer at the substrate interface can be accounted fcir by simply reducing the effective thickness of the epitaxial film [5] , then it is clear that series-resistance effects will se;t in before the depletion layers begin to merge, and the effecls described by Lehovec and Zuleeg will be masked. This conclusion will not hold, however, for the gate capacitance of an FET, for which series-resistance effects should be small.
IEEE TRANSACTIONS
It is important to note that the profile shown in Fig. 4 : s only mildly distorted in that it bears at least some resemblance to the true profile, and allows one to deduce approximately correct values for Nd and s without elaborate calculations or corrections. As shown in [I 11, series resistance effects can (and often do) lead to much worse distortions, resulting in profiles which bear no resemblance at all to the correct profile and which are, therefore, useless for quantitative purposes.
In [l 13 , it was suggested that the most practical way to guard against profile distortions is t o monitor the phase angle @ between the RF current and voltage during profiling. The distributed network analysis confirms this suggestion. From  Fig. 4 , it is seen that q5 is extremely sensitive to small components of series resistance, deviating substantially from 90' even for wR,C 5 0.1. Experimental measurements and computer simulations [ l l ] , [20] have shown that C-V profiles of FET films are accurate to within 1 percent for Cp > 80°, but that the accuracy deteriorates very rapidly for Cp < 75'. For q5 5 70', the distributed nature of the RC network becomes important, and the lumped analysis and correction factors given in [ l 11 become unuseable.
An interesting feature of the distributed analysis is the prediction that for large values of wR,C the real and imaginary parts of the impedance become equal and the phase angle approaches 45'. This fact is of little practical consequence, however. It must be remembered that the analysis has included only the inherent or distributed component of series resistance. The presence of any additional parasitic resistance will shift the curve of Re @/Re) rigidly upward in direct proportion to the magnitude of this excess resistance. This will cause Re (2) to exceed Im (2) at sufficiently high wR,C, reduce @ at all values of wR,C, and cause @ -+ 0 as wR,C+ 00. Since some amount of extrinsic resistance must always be present (ohmic contact resistance, for example), it is clear that, in practice, @ may assume any value between 0' and 90'.
By monitoring q5 during profile measurements, one can detect the presence of series resistance effects, but the problem of obtaining corrected profiles remains. Several possible remedies were discussed in [ 1 13 , and that discussion will not be repeated here except to note that each measure taken to reduce the series-resistance distortions carries with it a new set of problems, uncertainties, and possible distortions. The simplest, and probably the safest, experimental remedy is to use diodes of the smallest area possible. Lower limits to the diode area will be set by the sensitivity of the measurement system, and the confidence with which one can make stray C and edge-effect corrections. Using the results of Wasserstrom and McKenna [21] , the edge-effect correction for the capacitance of a circular diode on n-GaAs is
where eA/d is the uncorrected capacitance, and a is the diode radius. For a diode of 5-mil diameter, the correction amounts to about 2.5 percent at d = 1 pm. If uncorrected, this would cause a (roughly) 8-percent error in the Nd determination. Smaller diodes are, of course, correspondingly worse because of their smaller surface area-to-perimeter ratios. In some cases, it may be desirable t o alter the geometry of the Schottky contact while keeping the area at some reasonably small fixed value. If, for example, series resistance effects are severe for a 10-mil diameter diode, one could use an elongated diode with 5-mil diameter semicircular ends and a 12-mil-long joining segment. This diode would have the same area as the 10-mil circular diode, a 75-percent larger perimeter, and would show a four-fold reduction in series-resistance effects. The small increase in edge-effect errors is more than offset by reduced series resistance. Similar results could be achieved by bonding together several small circular diodes and measuring them in parallel.
V. CONCLUSIONS
Of the many artifacts which can affect the accuracy of C-V profiles, series resistance effects are, for FET films, the most common and the most severe. A distributed series resistance is an inherent feature of these films, and its effects must always restrict the range of accurate profiling to something less than the full film thickness. As was shown in Section 111, intrinsic series-resistance effects become more severe, the lower the pinchoff voltage of the film. This fact should be of particular interest to those engaged in the fabrication of lownoise GaAs FET's for microwave preamplifier applications, since such devices are usually designed for low (< 4-V) pinchoff. Even when distortions in the shape of the profile are relatively minor, series resistance can cause large errors in the apparent pinchoff voltage. Again, the errors are doubly serious for low V, material, being both more likely to occur and larger as a fractional error.
Some of the experimental precautions which should be taken when profiling GaAs FET films were discussed in Section 111. In addition to taking these precautions, it is prudent (for low-V, material, vital) that the C-V measurements be supplemented with independent measurements such as anglelap/stain, Hall effect, sheet resistance, saturation current (pulsed and dc [SI), and the dc properties of MESFET's. Only by insisting on self-consistency within some such highly redundant set of measurements can one confidently characterize the film.
Inserting these expansions into (15) (A1 1) These expansions were used to obtain the limiting form of (A31 2 as oR,C + DO, given by (22).
